The continuum manipulators, which have gradually become a research hotspot of minimally invasive surgery have the characteristics of small size, lightweight, and better environmental adaptability. In this paper, a two degrees of freedom continuum manipulator with notches is proposed. The kinematic and mechanical models of the notch continuum manipulator are coupled. The output driving force of the motor is needed to control the manipulator. Due to the drift of the current of the motor, the accuracy of the control is low. In order to solve the above problem, the constant curvature assumption is realized by changing the structural parameters of the notches. The continuum manipulator mechanics model is established through the analysis of the continuum manipulator structure. The calculation of the deformation angle of a single notch of the manipulator is carried out. The overall deformation of the manipulator is derived through iterative algorithms. The stiffness of the continuum manipulator, which can affect the deformation of the continuum manipulator is modified by changing the structural parameters. In this way, the problem of the non-constant curvature deformation under the uniform notch of the continuum manipulator is improved. And the effectiveness of the variable stiffness model is verified by simulation experiments.
I. INTRODUCTION
Surgery refers to the treatment of a patient's body by means of a medical device, such as resection, suturing, etc, and its inherent property is to bring trauma to the patient. Surgeons and engineers have been working to reduce iatrogenic trauma and minimize the pain caused by surgery. The research of multi-port surgical robot is gradually being superseded by the natural orifice transluminal endoscopic surgical robot, due to the better surgical outcomes, e.g. lower pain, reducing postoperative complications and better cosmetic effect. The natural orifice transluminal endoscopic surgery (NOTES) use the patient's natural orifice (such as the mouth, nose, vagina, and anus) to perform surgery. The endoscope and the surgical instruments of the natural orifice transluminal endoscopic The associate editor coordinating the review of this manuscript and approving it for publication was Hui Xie .
surgical robot need to be assembled to a continuum manipulator which has the characteristic of flexible, safety, dexterity, and lightweight [1] , due to the tortuosity of the natural passage, the fragility of the tissue and the narrowness of the lumen.
The control of the continuum manipulator is realized by kinematics modeling. The kinematics model of the continuum manipulator is usually established using the hypothesis of constant curvature or piecewise constant curvature [2] , [3] . Armand [4] - [6] et al. developed a nested continuum, which cut the rectangular notch on both sides of a Nitinol tube. The kinematic model is obtained through the assumption of constant curvature. Oliver-Butler et al. [7] developed a concentric tube continuum manipulator that is nested and pushed together. The continuum manipulator is bent by the push-pull of nested tubes and the kinematic modeling is established using the assumption of constant curvature. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Peter A. York et al. cut the rectangular notches on one side of a Nitinol tube [8] , [9] and obtained a kinematic model from the assumption of constant curvature. Simaan et al. used the discs and the Nitinol rod to construct a two-degreeof-freedom snake-shaped continuum manipulator [10] - [13] . Kai et al. combined the serpentine joint with the bellows to improve the torsional stiffness of the joint, and the load capacity of the single joint reached 2N [14] - [17] . They all applied the constant curvature assumption to model the kinematics of the continuum manipulator [16] . Kim et al. [18] designed a continuum cardiovascular surgical manipulator with discrete link stacks and the kinematic is established by the assumption of constant curvature. Xiaoyi et al. developed a trans-oral laryngeal surgical continuum manipulator that uses multiple vertebrae in series as a guide manipulator [19] . The continuum manipulator is driven by Nitinol wire and the motion control is modeling by the assumption of constant curvature. Walker and Hannan [20] designed an elephant's trunk manipulator that uses constant curvature to model kinematics. David B. Camarillo et al. developed a wire-driven continuum cardiac catheter manipulator [21] and the kinematics is established by the assumption of piecewise constant curvature. The force analysis process of the continuum manipulator uses the cantilever beam assumption. Wuzhou et al. established a multi-joint stacked sinus surgery continuum manipulator [22] , [23] that uses the assumption of piecewise constant curvature to achieve kinematic modeling. Mahl and Sawodny [24] and Lakhal et al. [25] developed a compact bionic handling assistant manipulator. The control of the robot is achieved by measuring the length of the wire on the manipulator and applying the piecewise constant curvature assumption to calculate the parameters required for kinematic modeling. The above analysis shows that constant curvature modeling has higher accuracy and can meet the actual surgical requirements. Based on our earlier research work [26] - [29] and the work of Gao et al. [30] , the kinematic and mechanical models of the notch continuum manipulator are coupled. The output driving force of the motor is needed to control the manipulator. Due to the drift of the current of the motor, the accuracy of the control is low. Moreover, the experimental results show that there is an angular difference between the notches of the continuum manipulator, the constant curvature assumption cannot be applied. Based on the above problems and the advantages of the constant curvature assumption, a scheme of changing the structural parameters between the notches is employed to reduce the difference in the deformation angles of the notches from each other. It enables manipulator control in the form of equal curvature. The main contributions of this paper include a 2 DOF notch continuum manipulator is proposed that can be applied to laryngeal surgery. The mechanical model is established, and the relationship between the driving force and joint angle is obtained. Based on this, a variable cross-section algorithm is proposed. The angular difference between the notches is reduced so that the constant curvature assumption can be applied to the notch continuum manipulators. The structure of the continuum manipulator is described in section II. In section III, the mechanical modeling of the manipulator, which considers the friction is established. Simulation analysis is carried out to verify the validity of the model in section IV. Conclusion and future work are summarized in section V.
II. STRUCTURE OF THE CONTINUUM MANIPULATOR
The continuum manipulator proposed in this paper is used for laryngeal surgery and has an outer diameter of 6 mm and a length of 50 mm. It contains a 2.4 mm internal channel that provides a guided path for the vision unit or energy device. Based on the diameter of the laryngeal surgical instrument, the outer diameter of the continuum manipulator is set. All subsequent modeling and verification are performed based on this wire-driven notch continuum manipulator.
The continuum manipulator consists of an elastic skeleton and the guidewire discs as shown in Figure 1 (a). It contains two degrees of freedom and enables space traversal. The manipulator is in the form of a wire drive and contains two pair of antagonistic wires. The distance between the wire and the center of the continuum manipulator is 2 mm. Each degree of freedom is controlled by one pair of antagonistic wires. The working principle of the continuum manipulator is explained as follows. A pair of antagonistic wires on the curved plane is fixed at the distal end of the manipulator and are transmitted to the proximal end of the manipulator through the thread eyes on the guidewire discs as shown in Figure 1 (a) and Figure 1 (c). The forces generated during the movement of the wire can be converted into forces and moments acting in the bending plane. The bending angle of the manipulator can be controlled by the wires. The other pair of antagonistic wires works similarly to the former. By pulling the two pair of antagonistic wires, the three-dimensional motion of the manipulator is realized.
Compared with rubber and plastic, Nitinol has high allowable strain and strength. In this design, a Nitinol tube is used as the elastic skeleton. The elliptical notch is cut orthogonally on the Nitinol tube as shown in Figure 1 (b). The skeleton can be divided into the rigid unit and the flexible unit. The right unit alignment hole of the guidewire disc is aligned with the rigid unit of the Nitinol skeleton. The top arc and the bottom arc of the guidewire disc are perpendicular to each other. Four thread eyes are uniformly drilled on the circumference of the guidewire disc to pass the drive wire as shown in Figure 1 (c). The high of the guidewire disc is equal to the sum of the top, bottom arc radius, and the right unit alignment hole hight H . The inner diameter (R1 ) of the guidewire disc rigid alignment hole is 3mm, and the inner diameter (R0 ) of the remaining part is 4.6mm. In this design, the length of the bending unit is equal to the sum of the radii of the top and bottom arcs of the guidewire disc. Since the design of the guidewire discs, the decoupling of the wires in the two curved planes of the continuum manipulator can be achieved. The wire located in the bending cell can pass through a free space without contact with the guidewire discs. The tension of the wire in a single bending cell is not reduced by friction. It is considered to be equal to curvature within a single bending unit. Due to the friction between the wire and the thread eyes, the tension of the drive wire in each bending units is different, so that the curvature is different.
III. FORCE ANALYSIS AND VARIABLE STIFFNESS MODELING
The control of the notch continuum manipulator can be obtained by the tension of the wire. Due to the current of the motor, the accuracy of the manipulator is lower. So a solution is proposed that can achieve constant curvature by changing the structural parameters of the notch. The force analysis is constructed. Based on this, the variable stiffness modeling is presented.
A. MECHANICS ANALYSIS OF FLEXIBLE UNIT
The constant curvature hypothesis of the notch continuum manipulator can be stated as the same curvature between the notches. The constant curvature hypothesis can be converted to the same angle of deformation between the notches without changing the length of the notch. The continuum manipulator is decomposed into multiple units in order to obtain the angle of deformation between the units. By performing a force analysis on a single unit, the required bending angle can be obtained. Then the units' deformation angle of the continuum manipulator can be obtained.
In order to analyze the relationship between the driving force and bending angle, the following assumptions are made [31] .
1) The constant curvature is considered to be true within a single flexible unit, and the curvature between the units is different due to the friction.
2) The manipulator does not stretch or contract in the longitudinal direction because the guidewire disc does not transmit axial forces to the elastic skeleton.
3) Quasi-static balance is satisfied. Friction is equal to the maximum static friction, proportional to the normal stress.
4) The non-driven wire does not exert friction and driving force on the continuum manipulator. The bending stiffness of the wire is not taken into account in the flexible units.
5) The clearance between the wire and the guide channel of the guidewire discs is ignored. Figure 2 (a) shows the projection of a single Nitinol skeleton unit in a curved plane, and the deformation of the continuum manipulator mainly concentrates on the elliptical notch unit. Since the deformation zone has a small wall thickness (w = 0.3mm), the section can be simplified into a rectangle when performing mechanical model analysis, as shown in Figure 2 (b).
The coordinate system of the elliptic notch is built to represent the dynamics and kinematic design parameters of the elliptical flexible unit in Figure 3 [32] . The force on the flexible unit can be defined as follows:
(1) The deformation of the corresponding flexible rod is expressed as
The relationship between (1) and (2) can be obtained as follows:
where c h is the flexibility matrix of the flexible rod
Each of the above-described flexibility matrices represents the relationship between the force or moment component and the corresponding deformation of the elliptical flexible unit. The stiffness matrix of the flexible unit can be obtained via the flexibility matrix [33] .
The single flexible unit can be simplified into a cantilever beam. In the case of giving the input force and boundary conditions, the deformation of each elliptical flexible unit can be solved, so the deformation of the entire continuum manipulator can be solved. The force transfer contact of the wire is analyzed in Figure 4 to establish the real-time state of the boundary.
Wire interaction at the distal end unit as shown in Figure 4(a) , the wire on the upper part of the distal end unit does not have relative sliding, it does not contain frictional force. The wire on the lower part of the distal end unit has slippage, so there is a frictional force [28] . Assuming that no friction for the wire inside the rigid link channel of the guidewire discs and the direction of the normal stress is at the diagonal of the driving force of the unit, the friction is proportional to the normal stress. The following equation can be obtained as
where θ n is the bending angle of the flexible unit n, F N 2n and F N 2n−1 is the normal stress, F T 2n F T 2n+1 and F T 2n+2 is the tension of the wire, F f 2n−1 is friction, µ is coulomb friction coefficient, n is the elliptical notch number of the distal end unit.
The driving force of deformation of the distal end unit can be obtained by solving the formula (6) .
For the intermediate unit i, there is friction between the guidewire discs and the wire. It is assumed that the channel of the guidewire discs is still straight after the force, and there is no friction for the wire in the channel of the guidewire disc. The frictional force acts at the boundary point of the channel. Assuming that the direction of the normal stress is at the diagonal of the driving force of the unit, the force analysis is shown in Figure 4(b) . The static analysis of the lower part of the flexible unit i can be analyzed as follows:
Static analysis of the upper part of the flexible unit i can be obtained as
The driving force of deformation of the flexible unit i can be obtained by solving the formula (8) and (9) .
where θ i is the bending angle of the flexible unit i; F N 2n and F N 2n−1 is the normal stress; F T 2i−1 , F T 2i and F T 2i+1 is the tension of the wire in the flexible unit i; F f 2i−1 and F f 2i is friction. Based on the assumption2), x in formula (2) equal to zero. Therefore, the deformation of the flexible unit can be approximated as deriving from the bending moment acting on the elliptical notch unit. The torque around the z axis can be defined as follows:
where r is the distance from the point of force to the central axis of the continuum manipulator. Combined with the above analysis and the inherent structure of the elliptical notch unit that contains two elliptical beams, so the formula (2) can be simplified as follow:
x h = [0, 0, 0, 0, 0, γ ] T .
Due to the limitation of the structure of the elliptical notch unit, the x and y axis do not bend, and the bending is only generated around the z axis. The twist produced by the bending moment can be defined as follows:
where a x is the long semi-axis of the ellipse, a y is the short semi-axis of the ellipse, E is the elastic modulus of the Nitinol tube, M z (x) is the bending moment received for the flexible unit around the z axis, I z (x) is the moment of inertia of the flexible unit. Based on the elliptical cross-section of Figure 3 , the moment of inertia is calculated as follows: (15) where w is the thickness of the Nitinol tube wall, t is the minimum width of the elliptical beam. The bending stiffness of the flexible unit can be obtained by the simultaneous upper formula.
where s = a y /t. In the elliptical notch mechanics model, the normal stress F N i and the deflection angle θ i are both unknown. For this reason, the iterative method is used to determine the normal stress and the deflection angle. The flow chart is shown in Figure 5 . The iterative process is mainly divided into four processes.
1) When modeling the deformation of the notch, assuming that there is no normal stress, the initial bending angle θ i 0 of the elliptical notch can be calculated according to (11) and (14) . 2) The elliptical notch deflects due to the wire, which generates positive pressure and friction between the wire and the sidewall. The friction is calculated according to the angle calculated in 1). Then according to (7) (10) (12) and (15) , the bending angle θ i n is recalculated. 3) The two calculated angles are used as a constructor (i) = θ i n+1 − θ i n , and the iterative process is aborted when the error of the two iterations is less than the set threshold. 4) The output force of the notch i is used as the input force of the next notch i+1. The above operations 1) to 3) are repeated until all the deformation angles of the notch are iteratively completed. The iterative process of the mechanical model of the manipulator is explained as follows. Firstly, the first flexible unit is mechanically modeled, and the output force of the first flexible unit is used as the input force of the second flexible unit. After the above iterative process, the deformation angle of the second flexible unit is obtained, and the above process is repeated to finally obtain the bending angle of each notch. Through the above process, the establishment of the mechanical model of the continuum manipulator is completed. Mapping relationship is established between the VOLUME 7, 2019 driving force and the bending angle of the flexible unit as
B. VARIABLE CROSS-SECTION ANALYSIS
In addition to the force that the flexible unit receives, the deformation of the flexible unit depends on the bending stiffness. The angular difference between the flexible units can be reduced by changing the bending stiffness between the units. The stiffness of the flexible unit is affected by various factors e.g. E, w, a y , a x and t. When the Nitinol tube is purchased, the modulus of elasticity E and the wall thickness w of the Nitinol tube have been fixed. And the modulus of elasticity E and the wall thickness w is difficult to change in one tube. So the above two factors are considered as fixed values in this paper.
The bending stiffness of the elliptical flexible unit is affected by the long semi-axis a x , the short semi-axis a y , and the minimum width t of the elliptical notch. After calculation, the order of influence of the parameters of the elliptical flexible unit on its stiffness is: the minimum width t has the greatest influence, followed by the long semi-axis a x , followed by the short semi-axis a y . For this paper, the method of changing the minimum width t is adopted to reduce the angle difference between the units. In the construction process of the model, the influence of minimum width t on the overall stiffness is a nonlinear relationship, and the influence of the driving force on the deformation angle is also a nonlinear relationship. In order to reduce the complexity of the model, the minimum width of the notch is modified by a linear relationship. The linear relationship is defined as follows:
where i is the serial number of the notch; k is the proportional coefficient; t 0 is the minimum width of the notch of the first flexible unit.
IV. SIMULATION VERIFICATION
The above algorithm is tested in this section to verify its effectiveness. The algorithm, which can realize the function of the input driving force to obtain output angle is programmed by Matlab R2018b. In this section, two simulations are performed. One is the traversal of the driving force, and the change between the angles of the flexible units is tested. The other is a simulation comparison of the angles of uniform and non-uniform notches in the case where the total deformation angle is the same.
A. DRIVING FORCE TRAVERSAL
The change in the units angle of the continuum manipulator depends on the input force of the wire. For the above force analysis process, the angle is obtained by specifying the value of the input force. The number and structure of notches in the pitch and yaw direction of the continuum manipulator are the same. Only the notches in yaw direction are considered here, and the number of notches is set as 5. The input force is specified from 5N to 30N with an interval of 1N. t 0 is set to 0.6, and k is set to 0.005. After the traversal of the input force, the deformation angle of each notch unit is obtained. In order to more clearly show the effectiveness of the algorithm, the serial number of the notch-angle diagram of the uniform and the non-uniform notch is drawn separately by the MATLAB software as shown in Figure 6 . The point on the line segment in Figure 6 is the angle at which the flexible unit is deformed under the serial number of the notch. Figure 6(a) is a serial number of the notch-angle diagram of the uniform notch. The line segment produces a significant fluctuation after 15N as shown in figure 6(a). Figure 6(b) shows the Output angle between no-uniform notches, which produces significant fluctuations after 24N. The difference in the maximum angle between the joints of the uniform notches can reach 1.1 • , that between the joints of the no-uniform notches is 0.4272 • . The angle difference is reduced by about 2.6 times. Compared with the change of uniform notches, the change of the no-uniform notches is smaller.
B. SIMULATION COMPARISON AT THE SAME ANGLE
Through the above analysis, it can be seen that the angle difference of the non-uniform notch is smaller than that of the uniform notch. In order to quantitatively compare, the total deformation angle of the manipulator is set to be uniform. The angle difference between the units is compared. First, the driving force of the no-uniform notch is input in the algorithm to determine the total deformation angle of the continuum manipulator. Then the driving force of the uniform notch is adjusted to ensure that the total deformation angle is the same with the no-uniform notch. The standard deviation of the deformation angle of the notch is calculated, and the variance diagram is drawn in Figure 7(b) . The formula for calculating the variance is defined as follows:
where x i is the deformation angle of the notches,x i is the average value of the deformation angle of the analysis is. Data 1 is the date of the no-uniform notches, and the other is the date of the uniform notches in Figure 7 . It can be seen from Figure 7 (a) that the total deformation angle remains constant and the angular difference between the non-uniform units is smaller. The maximum variance of the non-uniform notch is 0.1884, while the variance of the uniform notch is 0.447, and the variance of the uniform notch is about 2.3 times than that of the non-uniform notch. The angular difference of the non-uniform notch changes less, the proposed algorithm effectively solves the problem of the angle difference between the notches. Therefore, a solution to the constant curvature problem of the notch continuum manipulator is obtained.
V. CONCLUSION
In this paper, a notch continuum manipulator is proposed for the narrow space of laryngeal surgery. The kinematic and mechanical models of the notch continuum manipulator are coupled. The output driving force of the motor is needed to control the manipulator. Due to the drift of the current of the motor, the accuracy of the control is low. In response to the above problem, the control mode of the constant curvature of the manipulator is realized by adopting a scheme of changing the size of the notch. It can simplify the complexity of the control. The force analysis is carried out from microscopic to macroscopic. Based on the force analysis and deformation iteration calculation, the mapping relationship between the unit deformation angle and driving force is established. By analyzing the influencing factors of deformation, the problem of constant curvature is transformed into the deformation angle of the notch under the condition that the length of the notch is kept constant. The deformation angle is improved by changing the minimum thickness of the joint. Simulation results show that the proposed algorithm reduces the angle difference by about 2.6 times, which verifies the effectiveness of the proposed algorithm. In the future, the effects of the short semi-axis of the elliptical notch of the flexible unit will be considered, and the continuum manipulator will be optimized to obtain more suitable dimensional construction parameters. The structure will be applied to the construction of the laryngeal surgical robot.
